ABSTRACT: Backgro und: The objective of this study was to characterize the degree, pattern, lesion site, and temporal evolution of sudomotor dysfunction in multiple system atrophy (MSA) and to evaluate differences by parkinsonian (MSA-parkinsonism) and cerebellar (MSA-cerebellar) subtypes. Methods: All cases of MSA evaluated at Mayo Clinic Rochester between 2005 and 2010 with postganglionic sudomotor testing and thermoregulatory sweat test were reviewed. Pattern and lesion site (preganglionic, postganglionic, or mixed) were determined based on thermoregulatory sweat test and postganglionic sudomotor testing. Results: The majority of the 232 patients were MSAparkinsonism (145, 63%). Initial postganglionic sudomotor testing was abnormal in 59%, whereas thermoregulatory sweat test was abnormal in 95% of all patients. MSA-parkinsonism patients were more likely to have an abnormal thermoregulatory sweat test compared with MSA-cerebellar (98% versus 90%, P 5 0.006) and had a higher mean percentage of anhidrosis (57%) compared with MSA-cerebellar (48%; P 5 0.033). Common anhidrosis patterns were regional (38%) and global (35%). The site of the lesion was preganglionic in 47% and mixed (preganglionic and postganglionic) in 41%. The increase in anhidrosis per year was 6.2% based on 70 repeat thermoregulatory sweat tests performed on 29 patients. The frequency of postganglionic sudomotor abnormalities increased over time. Conclusions: Our findings suggest: (1) sudomotor dysfunction is almost invariably present in MSA and even more common and severe in MSA-parkinsonism than MSA-cerebellar; (2) a preganglionic pattern of sweat loss is common in MSA; however, pre-and postganglionic abnormalities may coexist; and (3) the increasing frequency of postganglionic sudomotor dysfunction over time suggests involvement of postganglionic fibers or sweat glands later in the disease course. 
anhidrosis patterns were regional (38%) and global (35%). The site of the lesion was preganglionic in 47% and mixed (preganglionic and postganglionic) in 41%. The increase in anhidrosis per year was 6.2% based on 70 repeat thermoregulatory sweat tests performed on 29 patients. The frequency of postganglionic sudomotor abnormalities increased over time. Conclusions: Our findings suggest: (1) sudomotor dysfunction is almost invariably present in MSA and even more common and severe in MSA-parkinsonism than MSA-cerebellar; (2) a preganglionic pattern of sweat loss is common in MSA; however, pre-and postganglionic abnormalities may coexist; and (3) the increasing frequency of postganglionic sudomotor dysfunction over time suggests involvement of postganglionic fibers or sweat glands later in the disease course. Multiple system atrophy (MSA) is a neurodegenerative disorder characterized by motor involvement of parkinsonism (MSA-P) and/or cerebellar ataxia (MSA-C) with autonomic failure, 1 which may include sudomotor dysfunction. 2, 3 The degree of sweat loss in MSA is greater than in Parkinson's disease and has traditionally been attributed to a preganglionic lesion. 3, 4 However, recent studies evaluating sweat gland nerve density suggest involvement of postganglionic fibers in MSA. 5 Although hypo-or anhidrosis in MSA is well recognized, the degree, pattern, lesion site, and temporal evolution of sudomotor dysfunction in MSA has not been systematically evaluated in a large patient cohort.
The combination of autonomic function testing with thermoregulatory sweat testing (TST) and assessment of postganglionic sudomotor function (quantitative sudomotor axon reflex testing [QSART] ) can determine the site of the lesion in the autonomic nervous system. 6 The entire thermoregulatory pathway from the preoptic/anterior hypothalamus to the sweat gland is assessed using the TST, which allows for assessment of whole-body sweating, the pattern of abnormality, and quantification of percentage of anhidrosis. 6, 7 QSART assesses the integrity of the postganglionic sympathetic sudomotor axon and allows for quantification of the sweat response at selected sites. 6 Therefore, an area of absent sweating on TST in an area with a normal QSART response would indicate a preganglionic lesion. Conversely, a reduced or absent QSART indicates a postganglionic lesion.
In the present study, we sought to (1) characterize the degree and pattern of sweat loss on TST and QSART; (2) determine the site of the lesion; (3) examine the temporal evolution of sudomotor dysfunction in MSA; and (4) evaluate sudomotor differences by motor subtype of MSA.
Methods
This study was approved by the institutional review board of Mayo Clinic, Rochester, Minnesota.
Study Design
This was a retrospective review of all individuals evaluated at Mayo Clinic in Rochester, Minnesota, with the diagnosis of MSA between January 2005 and December 2010. Inclusion criteria included completion of both an initial autonomic reflex screen with QSART testing and a TST at diagnosis. Data from repeat TST and QSART evaluations were evaluated until December 2015.
All patients were categorized as probable or possible MSA based on consensus criteria 8 and classified by clinical phenotype of MSA-P or MSA-C based on predominant symptom complex and examination findings at initial evaluation. Sweating symptoms, orthostatic intolerance symptoms, and bladder symptoms of frequency/ urgency, incontinence, and catheterization were obtained from the clinical history, whereas orthostatic and bladder symptoms were also obtained from standardized patient-completed symptom questionnaires. Bladder symptoms, urinary catheterization, and presence of orthostatic hypotension (defined as systolic blood pressure drop greater than 30 mm Hg or diastolic greater than 15 mm Hg at 5 minutes of head-up tilt) were associated with severity of QSART abnormalities and percentage of anhidrosis on TST. Comorbidities of diabetes mellitus and peripheral neuropathy were reviewed based on diagnostic codes, and neuropathy diagnosis severity was graded using electromyography (when available).
Postganglionic Sudomotor and Thermoregulatory Sweat Testing
Patients were instructed to discontinue medications that could interfere with sweating function for 48 hours prior to autonomic testing. Postganglionic sudomotor testing was performed in a highly standardized fashion as previously described using QSART at the following sites: forearm, proximal leg, distal leg, and foot. 6 Sites were considered abnormal if sweat volume was less than 5% of controls or if there was a relative reduction in sweat volume at the foot site, defined as less than one-third of the adjacent proximal values. For patients with repeat autonomic testing later than 2010, Q-Sweat (WR Medical Electronics Co., Maplewood, MN) was used, and sites were considered abnormal if volume was less than 5% of Q-Sweat controls or a relative reduction of sweat volume at the foot site, defined as above. Composite autonomic severity scores were used to quantify the degree of sudomotor dysfunction based on QSART. A score of 0 represents no impairment, whereas the maximum score of 3 represents severe sudomotor dysfunction. 9 TST was performed as previously described as a modification of Guttmann's quinizarin sweat test. 10 A participant lies supine, unclothed with exposed body surface covered with the indicator powder mixture. 7, 11 The body is warmed to 38 8C, and change in color of the indicator signifies sweating. Sweat distribution is documented using digital photography, and digital images are processed using a pixel counter to derive cumulative values for the area, and percentage of anterior body surface anhidrosis is derived. The TST is a standardized clinical procedure at Mayo Clinic.
Sweat Distribution Patterns
Patterns of anhidrosis on TST were defined as follows: length dependent, affecting fingers, legs below the knees, and/or lower abdomen with area of anhidrosis less than 25%; focal, isolated to a dermatome or peripheral nerve territory; segmental, involvement of a few adjacent roots or plexus; regional: large areas but less than 80% that may or may not be contiguous; global anhidrosis, greater than or equal to 80% of body surface affected; mixed: various combinations of length dependent, focal, segmental, or regional patterns. Patterns of reduced sweat volumes on QSART were defined as follows: length dependent, isolated to foot site or a gradient involving foot and leg sites; focal, isolated to a single site; global, all sites affected; mixed, abnormal but not conforming to other patterns.
Site of the Lesion
Lesions sites were classified as preganglionic, postganglionic, or mixed based on TST and QSART results. An area of reduced or absent sweating on TST in the context of a normal QSART response was determined to be a preganglionic lesion. Conversely, a reduced or absent QSART was considered a postganglionic lesion when corresponding to a normal or anhidrotic area on TST. The lesion site was deemed mixed when there was anhidrosis on TST with diminished (but not absent) corresponding QSART volumes, or if there were both postganglionic and preganglionic patterns at different QSART sites in an individual patient.
Evolution of Sudomotor Findings
Patients with multiple TST evaluations were evaluated for progression of anhidrosis. Repeat QSART studies were evaluated for the presence of abnormalities. Between MSA-P and MSA-C. MSA, multiple system atrophy; MSA-C, multiple system atrophy-cerebellar; MSA-P, multiple system atrophy-parkinsonism 
Statistical Analysis
Statistical analyses were performed using the statistical software SPSS, version 21, with statistical significance set at P < 0.05. Summary statistics were presented as mean and standard deviation for continuous data or frequency and percentage for categorical data. Comparisons between MSA-P and MSA-C for categorical data were performed using chi-square testing or Fisher's exact test, when appropriate. Continuous variables were compared between MSA-P and MSA-C using the Student t test for normative data or the Mann-Whitney U test for skewed data. The false 
Results

Demographics and Clinical Characteristics
A total of 232 patients with the diagnosis of MSA had both a QSART and TST at first presentation to our institution. Of those patients, 210 (91%) met criteria for probable MSA during clinical evaluation. Demographics and clinical features are listed in Table  1 . Although orthostatic intolerance and bladder symptoms were common complaints (75% and 84%, respectively), sweating symptoms were infrequent, occurring in only 16% of patients. Reduced sweating was the most common sweating complaint; however, a few patients reported increased sweating, suggesting compensatory hyperhidrosis. The prevalence of diabetes was 1.3% and of peripheral neuropathy was 5%, with the majority of those cases (78%) graded as mild based on electromyography. There was no difference between MSA-P or MSA-C for the presence of diabetes (P 5 0.880) or peripheral neuropathy (P 5 0.761).
The median time from initial symptom onset to TST was 3.39 years (interquartile range, 2.04-5.09 years). The median time from initial symptom onset to QSART was 3.36 years (interquartile range, 2.04-5.06 years). The median duration between the QSART and TST was 1 day (interquartile range, 1-3 days). There was no difference between the time from symptom onset to QSART or TST between MSA-P and MSA-C (P 5 0.9308). The median time from initial symptom onset to TST in those with autopsy confirmation of MSA was 3.08 years (interquartile range, 1.46-6.63 years), with no difference between those without autopsy confirmation (P 5 0.5968).
Degree and Pattern of Sweat Loss
The initial QSART was abnormal in 59% of patients, whereas the initial TST was abnormal in 95%, with 64% demonstrating more than 40% anhidrosis ( Table 2 ). The most common TST patterns were regional and global, which tended to be in an ascending pattern with the lower extremities more greatly affected, whereas the majority of patients with global anhidrosis had acral preservation of sweating (Fig. 1) . Length dependent reduction in sweat volume was the most common pattern observed on QSART (Table 2) . Although there was no difference in QSART pattern between subtypes, MSA-P patients were more likely to have an abnormal TST and had a greater anhidrosis percentage compared with MSA-C patients (Table 2) . MSA-P and MSA-C patients otherwise demonstrated similar patterns of sweat loss on TST.
Thirty-four patients eventually had autopsy-proven MSA. Of those patients, the mean percentage anhidrosis on first TST was 69% (standard deviation, 29%). Two of these patients had percentage anhidrosis of 5% or less.
Site of the Lesion
The site of the lesion was deemed preganglionic in 47% and mixed (preganglionic and postganglionic) in 41%. The site of the lesion was similar in MSA-P and MSA-C patients ( Table 2 ).
Evolution of Anhidrosis
Of 29 patients who had more than 1 TST during the course of the disease, 22 were MSA-P. The mean increase in percentage anhidrosis per year was 6.2% (standard deviation, 14.6; 95% confidence interval, 0.6%-11.8%); there was no significant difference between MSA-P and MSA-C (P 5 0.161). Results from repeat TST and postganglionic sudomotor axon testing are shown in Table 3 . The frequency of abnormal QSART increased from 29% at the initial testing to 60% at the third testing. The number of patients with an abnormal result increased, as did the mean percentage anhidrosis on TST with repeat testing. 
S U D O M O T O R D Y S F U N C T I O N I N M S A
Correlation of Sudomotor Findings With Autonomic Dysfunction
The severity of QSART abnormalities was not associated with orthostatic hypotension during the headup tilt test (P 5 0.700), bladder symptoms (P 5 0.212), or urinary catheterization (P 5 0.208). However, the mean percentage of anhidrosis on TST was greater in those with orthostatic hypotension on thehead-up tilt test (59.2; standard deviation, 34.1) compared with those without orthostatic hypotension (46.5; standard deviation, 34.6; P 5 0.006). There was no difference in the mean percentage of anhidrosis in MSA patients with bladder symptoms (P 5 0.272) or those requiring urinary catheterization (P 5 0.138).
Discussion
This study provides a systematic characterization of sudomotor dysfunction in MSA based on a large patient cohort evaluated at a single institution with standardized autonomic testing. Our findings suggest that sudomotor dysfunction is almost invariably present in MSA and more commonly seen in MSA-P than in MSA-C. Although a preganglionic pattern of sweat loss is most common in MSA, this is not absolute, and there is an increasing frequency of postganglionic sudomotor dysfunction over time, which may suggest involvement of postganglionic fibers or sweat glands later in the disease course.
The mean percent anhidrosis on TST was more than 50% on first evaluation, and the pattern tended to be ascending, meaning that often lower extremities were more greatly affected than upper extremities, which has been seen in smaller studies. 12 However, even though most MSA patients have large areas of anhidrosis that increase with time, this observation is not invariable. A few autopsy-confirmed patients had only a small percentage of anhidrosis despite neuropathological evidence of MSA. Therefore, although involvement of sweating is useful in differentiating MSA from other neurodegenerative diseases, relatively normal sudomotor function, although unusual, does not exclude the diagnosis of MSA.
Evaluating TST patterns confirmed our previous clinical observation that MSA is often characterized by widespread anhidrosis with sparing of distal extremities. 13 This interesting phenomenon of global anhidrosis with acral preservation was seen in most patients with widespread anhidrosis. Preserved acral sweating in the presence of widespread anhidrosis may be related to the "cold hands sign" of MSA, in which patients report cold hands and feet, often with color changes.
14 Further work has demonstrated that the skin vasomotor response to local heating is intact in MSA patients, with the cold hand sign suggesting preserved sympathetic tone to the hands. 15 Intact sympathetic tone may manifest as vasoconstriction but also as sweating. Preserved acral sweating and cold hands may therefore relate to selective preservation or possibly uninhibited sympathetic innervation or dysregulation of sympathetic activity to the hands. Mechanistically, selective preservation of sweating to the hands may relate to different pathways involved in acral sweating, such as emotional sweating pathways, and may be preserved in the neurodegenerative process in MSA. Another mechanistic possibility for preserved acral sweating may relate to sweat gland density. The sweat response may be lost globally, but areas with a greater population of sweat glands may still be active and compensate for loss in other areas. We have not seen this pattern of anhidrosis in other neurodegenerative disorders, but future work will need to systematically assess the specificity of this finding for MSA.
The site of the lesion demonstrated by TST and QSART was more likely to be preganglionic in MSA patients, which is expected based on our current neuropathological and pathophysiologic understanding of MSA and similar to previous studies. 3, 4, 16 The finding corresponds to the areas of neurodegeneration in MSA that affect thermoregulatory regions in the brain stem projecting to the spinal cord. 17, 18 We also found that a greater degree of anhidrosis was associated with the presence of orthostatic hypotension, reflecting at least some degree of concordance of neuronal loss in central sudomotor and baroreflex pathways. However, in addition to preganglionic sudomotor deficits, there was also evidence for postganglionic sudomotor dysfunction. This has been increasingly recognized and has been attributed to loss of preganglionic input leading to transsynaptic changes as the disease progresses. 5, 16, 19 However, recent studies using skin biopsy and immunohistochemistry have shown that in some patients with long duration of disease, there are skin nerve fiber abnormalities, 20 and phosphorylated a-synuclein has been demonstrated in dermal nerve fibers, suggesting that peripheral a-synuclein burden may contribute to postganglionic sudomotor impairment. 21 These reports are in concordance with our results showing an increase in abnormal postganglionic sudomotor function with longer disease duration. This area has become an area of particular interest, as there is increasing effort to use skin biopsy and epidermal nerve fiber pathology to discriminate MSA from Parkinson's disease. 22 Our finding of predominant preganglionic sudomotor lesions in MSA relate to studies using myocardial scintigraphy with [
123 I]-meta-iodobenzylguanidine (MIBG) for the assessment of parkinsonism. Initial studies suggested preservation of myocardial MIBG uptake in MSA, consistent with a preganglionic lesion. 23, 24 However, subsequent evaluation has
demonstrated that approximately a third of MSA patients have evidence of abnormal MIBG uptake, suggesting postganglionic sympathetic involvement. 25 The proposed mechanism for these findings in MSA is similar to the suspected mechanism for postganglionic sudomotor involvement: secondary transsynaptic loss of postganglionic neurons as well as a-synuclein pathology in postganglionic neurons. 25 In contrast to our findings, however, loss of myocardial MIBG uptake in MSA patients was not related to disease duration, which suggests that alternative mechanism may be contributing to postganglionic sympathetic neuronal loss dependent on location and/or function.
Our study also detected differences regarding sweating function in the subtypes of MSA. Namely, sudomotor dysfunction was worse in MSA-P patients than in MSA-C patients, manifest as a greater percentage of patients with an abnormal TST and a higher mean percentage of anhidrosis in MSA-P patients. One possible explanation for this finding might be that the age of onset was slightly later in our MSA-P patients compared with MSA-C patients, which corresponds to previous studies in MSA. 26, 27 However, one would not expect this small degree of age difference to account for this difference. Instead, we suspect that this finding is more likely explained by the MSA motor subtypes having a different pattern of autonomic involvement.
The main limitations of this study are its retrospective nature and that only a small percentage of patients were autopsy confirmed. However, those with autopsy-confirmed disease had findings similar to the entire cohort, and we have previously reported on a series of biopsy-confirmed patients with MSA and the high congruence with the premortem clinical diagnosis at our institution. 28 Another limitation is that the mode of postganglionic sudomotor testing changed in 2010 from an institutionally developed sudorometer to the commercial Q-Sweat system, which negated the ability to follow sweat volumes over time in individual patients. Nevertheless, the techniques used for both methods are highly similar, utilizing the same principle of axon-reflex-mediated sweat response quantification induced by iontophoresis of acetylcholine, and established normative values for the respective methods that were utilized.
Our study provides a systematic multimodality evaluation of sudomotor dysfunction in a large group of patients with MSA. We conclude that severe sudomotor deficits are present in the majority of patients with MSA, which are commonly consistent with a preganglionic etiology. Although almost invariably present in both motor subtypes, sudomotor deficits were more common and severe in MSA-P than in MSA-C. The finding of increasing frequency of postganglionic sudomotor dysfunction with advancing disease has implications in understanding disease pathogenesis and for the development of disease biomarkers for MSA.
